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ADP-ribosylation is a posttranslational modification that is emerging as a broadly used mechanism 
to regulate the functions of proteins and their interactions. Recent findings by three groups (Ahel et 
al., 2009; Gottschalk et al., 2009; Timinszky et al., 2009) establish that proteins with macrodomains 
bind poly-ADP-ribose to mediate the cellular response to DNA damage.ADP-ribosyltransferases take the ADP-
ribose group from nicotinamide adenine 
dinucleotide (NAD+) and add it to protein 
substrates. These enzymes include mono-
ADP-ribosyltransferases that modify their 
substrates with a single ADP-ribose moi-
ety and poly-ADP-ribose polymerases 
(PARPs) that can generate polymers of 
ADP-ribose. The biological functions for 
mono- and poly-ADP-ribosylation are 
diverse and growing. Several bacterial tox-
ins, including cholera and diphtheria tox-
ins, inactivate intracellular proteins by the 
addition of mono-ADP-ribose. In higher 
eukaryotes PARP1 has a well-established 
role in DNA repair and in the regula-
tion of chromatin and gene transcription 
(Schreiber et al., 2006). Moreover, it has 
recently been reported that PARP1 inhibi-
tors provide substantial benefit for cancer 
patients bearing mutations in the tumor 
suppressors BRCA1 and BRCA2 (Fong et 
al., 2009). Thus PARP1 inhibitors prove to 
be synthetically lethal with certain defects 
in DNA repair mechanisms. Despite the 
important functions of ADP-ribosylation, 
it remains poorly understood how these 
posttranslational modifications are read 
by other proteins. Substantial progress is 
now reported by Ahel et al. (2009) in Sci-
ence, Gottschalk et al. (2009) in PNAS, and 
Timinszky et al. (2009) in Nature Structural 
and Molecular Biology. Their findings 
provide insight into the action of an ADP-
ribose interaction domain, called a macro-
domain, in the process of DNA repair.
In previous work macrodomains have 
been shown to interact in vitro with 
mono- and poly-ADP-ribose (Karras et 
al., 2005). The current work by Ahel et 
al. (2009), Timinszky et al. (2009), and 
Gottschalk et al. (2009) demonstrates 
that macrodomains interact with poly-
ADP-ribose in cells. To show this, the authors use a laser-microirradiation 
procedure to introduce DNA breaks 
at discrete locations. The DNA breaks 
stimulate PARP1 activity leading to the 
local synthesis of poly-ADP-ribose. 
The main substrate for modification 
is PARP1 itself, but other proteins, 
including histones, are also thought to 
be modified. In cells that express fluo-
rescently tagged macrodomains from 
different proteins, staining accumu-
lates at the site of laser-induced dam-
age. This accumulation is dependent 
on poly-ADP-ribose formation and is 
disrupted by mutations that impact 
the capacity of the macrodomains to 
bind poly-ADP-ribose (Timinszky et al., 
2009). In particular, the histone vari-
ant macroH2A1.1 is recruited to sites 
of DNA damage resulting in alteration 
of chromatin structure. This recruit-
ment most likely occurs through poly-
ADP-ribosylated PARP1, which binds 
directly to the macrodomain of mac-
roH2A1.1 (Figure 1A).
Another macrodomain protein exam-
ined in the recent reports is an onco-
protein called ALC1 (Amplified in Liver 
Cancer 1). ALC1 contains a helicase 
domain and is a member of the SNF2 
ATPase superfamily of chromatin-
remodeling proteins. Like macroH2A1.1, 
ALC1 interacts with poly-ADP-ribose 
through its macrodomain (Ahel et al., 
2009; Gottschalk et al., 2009; Tim-
inszky et al., 2009), and through this 
interaction it is recruited to sites of 
poly-ADP-ribose formation. In addition 
to recruitment, binding to poly-ADP-
ribosylated PARP1 is shown to stimu-
late the nucleosomal remodeling activ-
ity of ALC1 (Ahel et al., 2009; Gottschalk 
et al., 2009). Thus in response to DNA 
damage, the recruitment and activation Cell 1of PARP1 and the generation of local 
poly-ADP-ribosylated proteins results 
in the reorganization and remodeling of 
chromatin. Furthermore, ALC1 interacts 
with other DNA repair proteins, includ-
ing XRCC1, and these interactions are 
also dependent on poly-ADP-ribose 
formation (Ahel et al., 2009). The rele-
vance of recruiting active ALC1 is illus-
trated by the finding that expression of 
a helicase-dead mutant or overexpres-
sion of only the macrodomain results in 
prolonged XRCC1 staining at the site 
of DNA damage, indicating delayed 
DNA repair (Ahel et al., 2009). Together, 
these findings show that poly-ADP-
ribosylation by PARP1 at sites of DNA 
damage orchestrates a complex array 
of events. These include interactions 
mediated by macrodomains to support 
processes associated with DNA repair 
(Figure 1A).
How widespread is the interaction of 
macrodomains with poly-ADP-ribose? 
So far only 10 human proteins contain-
ing macrodomains have been reported 
(according to the InterPRO database). 
This low number suggests that other 
domains that bind poly-ADP-ribose 
may exist. Indeed, in addition to macro-
domains, several groups have defined 
poly-ADP-ribose-interacting proteins 
and derived potential consensus 
sequences for proteins with this capac-
ity; the most refined of these is an 8 
amino acid motif (Figure 1B) (Gagne et 
al., 2008), which is found in many pro-
teins linked to DNA repair and chroma-
tin regulation. However, it is important 
to note that poly-ADP-ribose resem-
bles polymers of nucleic acids and 
that basic residues are the main deter-
minants of the consensus sequence. 
Hence it is uncertain whether the bind-39, October 2, 2009 ©2009 Elsevier Inc. 17
Figure 1. ADP-Ribosylation and Intracellular Signaling
(A) DNA damage results in the recruitment and activation of poly-ADP-ribose polymerase 1 (PARP1). 
Subsequently PARP1 synthesizes poly-ADP-ribose on itself and on other proteins. These polymers serve 
as binding sites for proteins that contain macrodomains (such as macroH2A1.1, ALC1, or other proteins), 
thereby conveying information relevant for DNA repair.
(B) Summary of the three poly-ADP-ribose-binding domains that have been described. Additional do-
mains may exist to read this modification.
(C) Hydrolases including poly-ADP-ribose glycohydrolase (PARG) degrade poly-ADP-ribose, which may 
release free polymers and/or mono-ADP-ribose. These molecules may have second messenger function, 
perhaps serving as interaction platforms for polymer-binding proteins or as ligands for protein domains 
such as the macrodomain.
(D) Mono-ADP-ribosylation is a reversible posttranslational modification of proteins catalyzed by mono-
ADP-ribosyltransferases. Domains that can read this mark remain to be identified.ing of poly-ADP-ribose is indeed a 
specific feature of the proteins with the 
8 amino acid motif or whether the pre-
ponderance of basic residues reflects 
their general affinity for DNA or RNA. 
Another characterized motif is the 
poly-ADP-ribose-binding zinc finger 
(PBZ), which is also associated with 
DNA repair proteins (Ahel et al., 2008). 
In total, three different protein motifs 
have been identified that specify inter-
action with poly-ADP-ribose. The func-
tional differences between these three 
motifs are unclear, and it is currently 18 Cell 139, October 2, 2009 ©2009 Elsevierunknown whether any of them inter-
act in cells with unanchored mono- or 
poly-ADP-ribose, which could serve as 
second messengers (Figure 1C).
Do these interaction motifs display 
specificity for particular modified sub-
strates? Given that the generation of 
poly-ADP-ribose is typically observed 
only under restricted circumstances, 
including in response to DNA damage 
and at the spindle apparatus during 
mitosis (Schreiber et al., 2006), there 
might be no need for specificity of 
these motifs beyond recognition of the  Inc.modification. Does this mean that DNA 
repair proteins with poly-ADP-ribose-
binding domains are recruited to the 
spindle apparatus in mitosis? One 
might speculate that these proteins are 
subject to additional regulation to pre-
vent unscheduled binding, an aspect 
that will need clarification.
With the recent demonstration that 
certain PARP family members are not 
polymerases but mono-ADP-ribosyl-
transferases (Kleine et al., 2008), it is 
possible that mono-ADP-ribosylation 
is a widely used posttranslational mod-
ification. Might these three motifs also 
recognize mono-ADP-ribosylated sub-
strates? Crystallographic studies do 
suggest that the macrodomain binds to 
the terminal ADP-ribose of poly-ADP-
ribose, and the recent work shows that 
this binding is efficiently competed by 
an excess of free mono-ADP-ribose. 
Yet, there is no clear-cut evidence 
that eukaryotic macrodomains bind 
to mono-ADP-ribosylated proteins. At 
least for PARP1 a single ADP-ribose is 
not sufficient for interaction with mac-
roH2A1.1; Timinszky et al. (2009) show 
that the PARP1-E988K mutant, which 
lacks polymerase activity but is capa-
ble of auto-mono-ADP-ribosylation, 
fails to recruit macroH2A1.1. However, a 
recent report suggests that a macrodo-
main from a thermophilic archaeon can 
potentially interact with mono-ADP-
ribosylated proteins (Dani et al., 2009). 
If indeed mono-ADP-ribosylation is a 
broadly used posttranslational modifi-
cation, it seems probable that a domain 
interacting with it will also recognize 
the surrounding amino acid sequence. 
Can macrodomains or any of the 
other poly-ADP-ribose-binding ele-
ments interact with a protein sequence 
motif that carries mono-ADP-ribose? 
So far no evidence supports this 
notion. Thus it seems likely that sepa-
rate domains read mono- versus poly-
ADP-ribosylation.
The recent findings are an important 
step forward in understanding how 
ADP-ribosylation is used in the cellu-
lar response to DNA-damage stress. A 
challenge for future work is to explore 
how ADP-ribosylation impinges on 
other processes and to determine how 
cell physiology is impacted by PARP 
family members other than PARP1.
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4243–4248.Sex differences between male and 
female mammals in brain and behavior 
depend on a complex series of genetic 
and molecular events. These include 
SRY (sex-determining region Y) gene 
expression, regulation of X chromosome 
inactivation, multiple epigenetic effects, 
production of gonadal steroid hor-
mones (androgens and estrogens), and 
regulation of steroid hormone receptors 
through at least three epochs of extreme 
sensitivity to the environment: intrauter-
ine, neonatal, and pubertal. The classic 
view is that sex differences develop in 
the mammalian brain under the influence 
of gonadal steroid hormones during the 
perinatal period of development. In male 
rats, a surge in testosterone during this 
critical period results in the development 
of sexually dimorphic brain structures 
and is necessary for the expression of 
male-specific behaviors. However, these 
actions of testosterone appear to be 
exerted not only through its binding to the 
androgen receptor (AR), but also through 
Sex on the Brai
Khatuna Gagnidze1 and Donald W. Pfaf
1Department of Pharmacology and Systems T
2Laboratory of Neurobiology and Behavior, Th
*Correspondence: pfaff@mail.rockefeller.edu
DOI 10.1016/j.cell.2009.09.011
Release of testosterone during
structures in rodents. Wu et al. (
mediated conversion of testoste
adult behavior.Fong, P.C., Boss, D.S., Yap, T.A., Tutt, A., Wu, P., 
Mergui-Roelvink, M., Mortimer, P., Swaisland, H., 
Lau, A., O’Connor, M.J., et al. (2009). N. Engl. J. 
Med. 361, 123–134.
Gagne, J.P., Isabelle, M., Lo, K.S., Bourassa, 
S., Hendzel, M.J., Dawson, V.L., Dawson, T.M., 
and Poirier, G.G. (2008). Nucleic Acids Res. 36, 
6959–6976.
Gottschalk, A.J., Timinszky, G., Kong, S.E., Jin, J., 
Cai, Y., Swanson, S.K., Washburn, M.P., Florens, 
L., Ladurner, A.G., Conaway, J.W., et al. (2009). 
Proc. Natl. Acad. Sci. USA 106, 13770–13774.
Karras, G.I., Kustatscher, G., Buhecha, H.R., Al-Cell 1
its conversion to estrogen by aromatase, 
an enzyme synthesized in the brain. In 
this issue, Wu et al. (2009) demonstrate 
that the number and projection patterns 
of brain neurons that express aromatase 
differ between male and female adult 
mice, a hormone-induced developmen-
tal event that correlates with sex-specific 
behaviors.
Wu and colleagues used an elegant 
genetic approach to decipher the expres-
sion of aromatase at the single-cell level 
in mouse brain. They detected small 
pools of aromatase-positive cells in sev-
eral discrete locations in the adult mouse 
brain, all of which are part of neural cir-
cuits implicated in gender-specific sexual 
and aggressive behaviors. The authors 
confirm that most of the aromatase-
positive cells are neurons and that these 
cells coexpress receptors for androgens 
and estrogens. The small number of aro-
matase-positive cells suggests that they 
cannot influence the levels of circulating 
estrogens per se. However, they could 
n
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alter local concentrations of estrogens in 
the brain and thus modify the neural cir-
cuits involved in gender-specific behav-
iors. Notably, the authors report a larger 
absolute number of aromatase-express-
ing neurons in two key brain regions—
the bed nucleus of the stria terminalis 
(BNST) and the medial amygdala—in 
male compared to female mice. The pro-
portion of aromatase-positive neurons in 
these structures is the same in males and 
females, indicating a greater total number 
of neurons in males. In addition, males 
exhibit an increase in aromatase-positive 
neuronal projections in the anterior and 
ventromedial hypothalamus. There are 
very few aromatase-expressing cell bod-
ies detected in these structures prompt-
ing the authors to suggest that these 
projections may be afferents from com-
ponents of the limbic system such as the 
BNST and medial amygdala.
The authors provide compelling evi-
dence that the masculinization of the aro-
matase-positive neurons is independent 
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